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ABSTRACT
In many recent receiver designs, the front-end mixer determines
the receiver's sensitivity and its susceptibility to distortion from
large input signals. Two balanced FET mixers are developed for such
an application; a common source configuration and a common gate
configuration. Each exhibits a range of 110 dB between the available
S+N
input power necessary for 10 dD sensitivity and the available input
power of a two-tone signal which causes intertnodulation products down
40 dB from the desired signals*
An expression for the conversion transconductance of a junction
FET used as a mixer is first derived from the device transfer
characteristic equation* The advantages of a balanced mixer con
figuration are then discussed*
A noise equivalent circuit which describes the sources of noise
in each of the proposed mixers is developed* This leads to the
calculation of noise factor and hence, sensitivity of the common
source mixer as a function of R , the generator resistance*
The dependence of distortion on R for the common source mi'xer is
then found and plotted* A comparison of this plot and the sensitivity
vs. R plot shows that the maximum dynamic range results from a choice
s
of R equal to 200 ohms.
The dynamic range of the common gate mixer is investigated and
found to be equal to that of the common source mixer. The sensitivity,
however, is found to be 6 dB worse.
li
The effects of frequency dependent terminations on the mixer ports
are examined and found to be quite important to mixer performance* The
bias problem is solved with provision made for the variation in
parameters from device to device.
The methods of testing the mixer are then discussed and test
results are shown to agree excellently with the results predicted by
the theoretical analysis.
A brief description of FET operation and an observation on the
calculation of noise factor are presented in the appendices.
iii
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LIST OF SYMBOLS
V FET drain to source voltage
V^ FET gate to source voltageGo
Vp FET pinchoff voltage
I FET drain current
I _ FET drain current with VGS - 0
^ the FET bias voltage VGS/Vp
g conversion transconductance
mc
G conversion power gain
c
R generator or source resistance
F noise factor
S./N. input signal to noise ratio
S /N output signal to noise ratio
o o
*i a specific (S + N )/N
o o o
I . thermal noise output current
cm
G-. input conductance of common source FET
g.. input conductance of FET in either configuration
I shot noise of the gate leakage current
gs
I capacitively coupled gate noise
gn
ix
F optimum noise factor
g. source conductance which yields Fo o
Rg bias resistor
VG_ dc bias voltage Vfi_
R- M ratio of amplitude I.M. products to amplitudes of
desired signals
V_ voltage for each tone of a two-tone signal which
L.n.
causes R_ - 40 dB
^xmod voltage of AM signal which produces 17. crossmodulation
Pj M available power of a two-tone signal of amplitude V_ M
I. INTRODUCTION
The radio frequency spectrum has become quite crowded with
signals ranging from those which are barely detectable to those which
originate in nearby high power transmitters. The need for receivers
which will detect a very weak signal without being distorted by large
undesired signals is, therefore, apparent. This problem is especially
prevalent in military communications because several systems often must
operate from within a small area.
This characteristic of a receiver, called its dynamic range, has
received much attention in recent receiver designs. One significant
improvement has resulted from the elimination of R.F. amplifiers with
their poor selectivity, and hence, susceptibility to distortion from
large undesired signals. This, however, has left the burden of
sensitivity and signal handling capability to the receiver's front
end mixer.
Wide dynamic range mixers have lately been developed utilizing
low noise, excellent square law devices, such as Schottky diodes and
field effect transistors (FET). Presented in this paper is such a
mixer which was developed for use in the 2MHz - 12 MHz band with an i.f.
frequency of 26.5 MHz.
The performance of two balanced mixer conf igurations will be
analyzed and compared. For convenience, full schematics of the two
proposed configurations are presented in Figures 1 and 2.
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Figure 1
For a description of the components see Section VII.
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Figure 2
For a description of the components see Section VII.
II. THE FET AS A MIXER
Development of the Junction FET
The junction-gate FET was first described in a paper by
W. Shockley in 1952. Earlier work had been done on field effect
devices in the 1930's by J. E. Lillienfeld and in the latter 1940' s by
Shockley, but these devices did not exhibit good enough performance to
be practical. During the war the field effect devices did not receive
much attention, because the emphasis at that time was on the development
of the point contact transistor and other solid state devices which
apparently were an outgrowth of the early work by Shockley.
An excellent approximation to the junction FET transfer char-
2
acteristic, equation 1, was derived by R. D. Middlebrook , and it is
this expression which will be used in the following calculations.
xd has f1 - if
)*
m
For a brief review of FET operation, see Appendix I.
Calculation of Conversion Transconductance
An expression for the conversion transconductance of an FET used
as a mixer can now be derived using equation 1. One possible circuit is
shown in Figure 3. The bias must first be set at V_e/V_, -^, where f isCo V
such that the input signals will not drive the device into saturation or
cutoff. If two signals, S.(t) and S_(t), are now injected on the
L.O. O
||
r.f. O 1|-
-t
TT
i.f,
6
B+
Simple FET Mixer
Figure 3
FET gate with r.m.s. amplitudes A.Vp and A2Vp
Sj(t) - AjV coscjjt (2)
S2(t) - A2Vp cos2t (3)
the gate to source voltage can be written
VGS " ^VP + A1VP cosfc,it + A2VP cos<2t (A)
Substituting into equation (1) yields
VXDSS " (1^+ Al CS"lt + A2
cos"2t)2
2
- (l-<") + 2(W) (A. cosco.t + A2 cos co t)
2
+ (A. Cost*.t + A cos co-t) (5)
Examining the third term only
2
I_o< (A. cosfcj.t) + 2A.A2 cosw.t cosa*2t
+ (A2
costo2t)2
(6)
Remembering an identity from trigonometry we can express the second
term in equation 6 as
IDSSrt'AlA2 [cos(t,,i + w2^ + cos((jJi m a,2^tJ ^
Equation 7 shows that a frequency conversion has taken place. Two
new frequencies (&>. + u> ) and (<o. - <*> ) have been created with
amplitude A.A-. The complete expression for the drain current is now
ID/IDSS "
(1"<*)2
+ 2(1"f) (A1 COSOJit + A2 costo2t)
2 2
+ (A. cosw.t) + (A2 cos w t)
+ AjA2 fcosCoaj + co2)t + cosfWj - cc>2)t j (8)
If S.(t) were a local oscillator signal, L.O., of constant amplitude and
if S_(t) were a desired R.F. signal* the output at a desired inter
mediate frequency (cj. - uo6) would be
XDi.f. ^DSS A1A2C0S (W1- w2)fc (9)
As expected the i.f. current is proportional to the amplitudes of both
input signals.
The conversion transconductance, a , is defined as the ratio of
the output if. current to the desired input voltage.
8roc
"
rDi.f.
/ A2Vp (10)
Substituting for I . f from equation 9
*DSSA1
*mc
"^ <U>
The conversion gain of such a mixer would be
G .
i.i. power out (12)
c available r.f. power in
Di.t.l L /j3)
<$*
G - 4 g R, Rc smc X
2 . n (14)
s
Where R is the source resistance.
s
More specifically, a Siliconix U222 FET with the following
parameters :
*
VP - 8V
*
- 130 ma
Rs - 100 ohms
RL IB 2500 ohms
(15)
when used as a mixer with a one volt L.O. , A. - 1/8, would from
equations 11 and 14, have a conversion transconductance of
g. - 2000 micromhos (16)
and a conversion gain of
Gc - 4 or 6 dB (17)
From manufacturers specification sheet U221 - U222.
10
Balanced Mixers
Several improvements can be made on the above mixer by utilizing
a balanced configuration. Ttoo possible circuits of this type are shown
in Figures 1 and 2.
Perhaps the most significant improvement is the cancellation of
noise from the L.O. port which includes voltages at the r.f., i.f., and
image frequencies.
Referring to Figures 1 and 2 we see that the i.f. signal is coupled
out of the circuit through a push-pull transformer. Therefore, the i.f.
currents resulting from the two halves of the balanced circuit must be
in the proper phase or cancellation will take place within the trans
former* This is exactly what happens to the three noise signal com
ponents from the L.O. port. Since the r.f. noise signal and the L.O.
signal are both single ended inputs, they result in drain currents at the
i.f. frequency which cancel. The same is true of the image frequency
noise component. The i.f. frequency component results in i.f. drain
currents without being mixed. It also cancels, though, because the
input is single-ended, while the output is push-pull* This cancellation
makes it unnecessary to add high and low pass filters at the L.O. port,
which is indeed an attractive result, for in some cases practical
filters can not be realized that will pass the L.O. signal and reject
the r.f., i.f. and image frequencies.
In this same manner the L.O. signal is isblated from the r.f.
port, greatly reducing the amount of local oscillator power which
11
reaches the antenna. With suitable filters at the r.f. port, radiation
at the L.O. frequency ceases to be a problem.
The r.f. signal is, of course, also isolated from the L.O. port.
If it were not, filters would have to be added which would prevent
dissipation of r.f. power. Similarly the i.f. signal is isolated
from the L.O. port again preventing power loss.
The advantages of a balanced configuration, therefore, make its
use in front end mixer designs very desirable. Indeed, the cancellation
of L.O. noise is most significant, but in order to optimize the noise
performance of the complete balanced circuit, the analysis in Section III
is necessary*
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III. NOISE ANALYSIS
Sensitivity and Noise Factor
Before the noise performance of the two proposed circuits can
be investigated, an understanding of noise factor, sensitivity, and the
relationship between the two is necessary*
The noise factor of a two-port network is defined as the input
signal to noise ratio divided by the output signal to noise ratio*
Sj/N
Noise factor - y
*
- F (18)
o o
It is, therefore, a measure of the degree of degradation of signal
to noise ratio by the two-port network. For example, a transistor
amplifier raises the power level of the signal and noise at its input,
and in addition degrades the signal to noise ratio by introducing noise
which is created in or caused by the circuit itself. In order to compare
the noise performance of individual circuits, a measure of this
degradation is required, hence the noise factor parameter*
The noise factor of a network can also be thought of as the ratio
of (1) the total noise power at the output to (2) the noise power at
the output which is due solely to noise at the input*
total noise power output
noise power output due to input noise (19)
N N
F " "
(SQ/S1)Ni <20>
13
This form is more convenient for noise factor calculations.
The noise factor of two cascaded stages can be found using the
3
following equation:
F - 1
FT " Fl + -V" (21>
where F_ is the total noise factor, F. is the noise factor of the first
stage, F is the noise factor of the second stage, and G. is the power
gain of the first stage*
The sensitivity of a receiver is a measure of its ability to detect
small desired signals* The inherent noise of the receiver limits this
ability because a small signal will not be discernable if its power is
not comparable to the noise power in the signal path*
Because the sensitivity and total noise factor of a receiver are
both measures of its noise performance, they must be related* A one to
one relationship exists, however, only after the bandwidth and operating
temperature of the receiver have been specified*
Sensitivity is usually specified as the minimum available power
from a source which is necessary to obtain a given signal plus noise to
noise ratio at the receiver output* With a ratio of ct specified
-V-2- * (22)
o
^ - * - 1 (23)
o
14
substituting into equation 18,
-L - F < - 1) (24)
Wi
Since S. /N. is a ratio of powers at the same impedance level, R , it
11 s
can be written as a ratio of the mean square voltages*
2
S
2 *
where e is the mean square open circuit signal voltage and 4kTR Af
3
is the mean square thermal noise voltage due to the resistance, R .
5
The available input power is now
2
e
~- - kTAfF (<*- 1) (26)
s
which expresses the relationship between noise factor, F, and
sensitivity.
In the analysis that follows it is desirable to find the sensitivity
of a receiver which incorporates either of two proposed mixers. To
accomplish this a noise equivalent circuit for the Siliconix U222 FET
will first be developed. This will allow us to calculate the noise
^ 23
k is the Boltzmann constant 1.38 x 10 joules/degree Kelvin.
T is the temperature in degrees Kelvin.
AF is the receiver bandwidth.
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factors of the two mixer configurations and then the sensitivity of
a receiver incorporating either of the mixers can be found from equation
26. This is only valid if we assume that the mixer determines the total
noise factor of the receiver. Equation 21 shows that this assumtion
is legitimate if the mixer is followed by a low-noise, high-gain circuit.
Sources of Noise in FET's
Before an equivalent circuit, which describes FET noise performance,
can be drawn, the sources of noise in FET's must be investigated to
determine the extent to which each will contribute to the total noise
power.
The primary source of noise in FET's is thermal noise of the
4
channel. Van der Ziel has shown that the current flowing in the
shortcircuited output of an FET which is due to this thermal noise of
the channel can be expressed as
*dn ' 4kT*maxAf *(VV (27)
That it should take this form is not surprising because the thermal
3
noise current due to a conductance g is i - 4kTgAf. The additional
factor in the FET thermal noise expression, Q(VGV_) is an arbitrary
constant of value one or less. Its value is determined by the choice
of V- and Vn or bias, and is approximately 0.7 for operation in the
saturated (current source) region, g is the maximum transconductance
max
at the particular bias voltage V_. The term g; Q(Vpvt^ can ^e
considered the equivalent conductance of the FET which produces the
16
thermal noise current I.
an
Equation 27 was derived through consideration of noise voltages
produced along the channel which modulate the channel width and hence
produce an amplified noise voltage at the drain* The expression is
theoretically valid only for bias conditions below saturation
(pinchoff) but Van der Ziel's experiments showed that the expression
is "nearly correct in the saturated part of the characteristic as long
as the field strength in the cutoff part of the channel is not too
4
large". This expression will, therefore, be used to evaluate the
amplitude of channel thermal noise for the U222 FET* The agreement
between theory and experiment will be shown to be excellent in
Section VIII.
Another important source of noise in FET's is that due to
capacitively coupled gate noise.
' At moderatly high frequencies
thermal noise voltages along the channel will be capacitively coupled
to the gate causing a current to flow in the short-circuited input.
Considering the source of this noise current, one would suspect that it
would be partially correlated with the thermal noise current I.
Brunke and Van der Ziel showed this to be true, however, they also
concluded that the correlation was so slight that it could be ignored
in a noise analysis of an FET circuit. The gate noise current was
shown to be simply thermal noise due to the device input conductance
Gllr
T~ 2
- 4kTG*.Af (28)
gn 11
17
Here the notation
G*
represents the input conductance of the device
connected in a common source configuration. This must be emphasized
because the capacitively coupled gate noise does not change when the
device is connected in a common gate configuration. Hence, the term
s
G.. which describes this noise, will appear in the calculations for
the noise factor of both mixers. The term g.., however, will be used
to represent the input conductance of either configuration.
Other noise sources in FET's are excess or 1/f noise and shot
noise of the gate current. The 1/f noise is negligible for operation
at frequencies above audio and the shot noise of the gate current which
can be expressed as I - 2ql A f is insignificant when compared to
gs g
the thermal noise due to g...
The thermal noise of the channel is essentially constant in
amplitude over a wide frequency range, and therefore, the limiting
factor for noise performance at high frequencies is the gain cutoff point
of the transistor. Since our frequency range of interest is below
this cutoff point and above the range where 1/f noise must be considered,
the only two sources of noise which must be described in the analysis
are thermal noise of the channel and capacitively coupled gate noise.
Noise Equivalent Circuit
The noise equivalent circuit of a field effect transistor is one
which includes the two noise generators I. and I in addition to the
an gn
I is the drain to gate leakage current.
g
18
generators and admittances which describe the devices two-port parameters,
If the y-parameter equivalent circuit for the device is chosen, the
generators I. and I are included as shown in Figure 4, because they
represent the short-circuit output noise current and the short-circuit
input noise current respectively.
O 1 j
0
)v C )Y12E2 Q>21E1 QXn Y22
O
C
Figure 4
This noise equivalent circuit can now be used to calculate the noise
performance of any circuit which utilizes an FET.
It is now possible to obtain a noise equivalent circuit for the
balanced mixer configuration by replacing the FET's of Figures 1 and
2 by the equivalent circuit of Figure 4. The result, which is shown
in Figure 5, is valid for either mixer configuration.
19
1:1:1
T
^(Dp^iOvi1*,^^
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1:1:1
El Q)v >8H (D8.ncEl (D1dn < 822
Figure 5
Noise Factor Calculation
Figure 5 can now be used to derive an expression for the noise
factor of the balanced mixer circuit. It has been shown previously in
this section that noise factor can be calculated by finding the total
mean square current in the shorted output and dividing that by the
portion in the output which is due to the source. Note that in the
following calculation it is assumed the capacitance of the transformer
and that of the devices has no effect on the noise factor. This
assumption is valid if the capacitive reactance is large with respect
to 1/g , or if the capacitive effect is neutralized as by series
S
peaking, for example. This will be examined further in Section V.
If the input and output transformers each have turns ratios of
one to one to one, the total mean square current in the shorted output is
20
. 2 2 2 2
\a " 2<mc El + Xdn > (29)
The dependence of E. on the three input current generators must now be
found. The most straight forward approach is to apply the super
position principle.
The part of E, which depends on one of the I generators, E, ,I gn *"
can be calculated from the circuit in Figure 6.
v
48.
1:1:1
0i
gn '11
'11
Figure 6
21
-2 C2
m
gn
i8
<*V +
28ll)2
(30)
There are two such generators and the voltage due to both is therefore
2E,
2
ig
2C
(4gs ? 2guV
(31)
The contribution of the source generator is found in the same manner to
be
2
r (32)rr--^ig
(4gs ? 28nV
Substituting equations 31 and 32 into equation 29 yields
7" 2 . 2
XnT " 28mc
2r
2
ff1
41.
s
(4g3 *
28U)2
(4gs *
2gu)2
* 2
I~H2
nd
(33)
The mean square current due to the source generator is now the second
term in equation 33 or
M 41.(4gs ? 2gn)' (34)
22
The noise factor is now found by dividing equation 34 into equation 33
loJ 4Id2(8Q +
St,/,)2
p - 1 + JBL ? nd ? (35)
2Is V. V
2
Substituting equations 27, 28 and I - 4kTg Af yieldss s
Gll 48x Q(W(gs +
p . i + -ii + S_J2 5 ULt (36)
^g
%x 8s
and setting
R
-* C D (37)
nc 2
"me
The noise factor of the balanced mixer is now:
Gn UKr. <8 + 811/9)
p - 1 + -li + -J 5 !i&_ (38)
2gs 8s
The sensitivity as a function of noise factor was previously
found to be
2
e
^- - kTAf F U- D (39)
s
Substituting from equation 38
23
r2
^f-- kTAf fc- 1)
s
,s
"11
,
4Rnc<8s +
8U/2)<
2gs gs
(40)
which expresses sensitivity as a function of the source admittance,
gs, where g is as shown in Figure 7.
8. O
' g
O J
Figure 7
Sensitivity Vs. R for Common Source Mixer
When the parameters of equation (40) are assigned the values of
Table I, the sensitivity of the common source mixer can be plotted vs.
R as in Figure 8.
24
Table I
^x 10,000 micromhos
^mc 2,000 micromhos
Q<VV 0.7
Gn 21.7 micromhos
8n 21.7 micromhos
k 1.38 X
IO"23
T
290
K
Af 3,000 Hz
oi. 10
Note that the sensitivity is -114 dBm at an R of 200 ohms which
correspondes to a noise factor of 34.7.
Sensitivity of Common Gate Mixer
Sensitivity vs. R of the common gate mixer can also be found
from equation 40. However, it is first necessary to derive an
expression for g. ., the input conductance of a common gate FET, and G11 c
the conversion gain of the common gate mixer.
The equivalent circuit for a common gate FET is shown in Figure 9.
For our purpose the output is assumed a short circuit for the R.F.
signals, as shown in Figure 10. Z, is now derived by first writing
an expression for V
The output is tuned at the intermediate frequency.

26
S
-o-
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^gs
4 9 (-*J f 9
=: 8;DS
'SG
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Figure 9
O D
Figure 10
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I - g V
V - -2
m sfi (41)V8 8DS+JcSG
Vsg (gm + gDS + ^CSG> " Xs (42)
and now,
in ^ + 8DS + ja>CSG
(43)
gll 8m (44)
As shown in Section VII the devices are biased at g - g.. - 10,000
micromhos or R.. - 100 ohms.
The conversion gain of the common gate single-ended mixer is
found in the same manner as G was found for the common source mixer in
c
Section II.
The single-ended common source mixer was found to have a con
version gain of 6 dB, equation 17. If the device were now switched to the
common gate configuration^ would not change, but the input voltage
would drop because of the higher input conductance of the common gate
configuration (equation 44). The available input power would not change
though, while the output power, which depends on the input voltage,
would drop.
At R 1/gs - 100 ohms, for example, the source is matched to
the 100 ohm input impedance of the common gate FET. The input voltage
is, therefore, one-half what the voltage would be if it were driving the
28
high impedance of a common source device. The conversion gain is,
therefore, 6 dB less than that of the common source mixer or 0 dB*
The conversion gain of a balanced common gate mixer is the same
as that for the single-ended mixer if the source and load impedances
are adjusted properly. The gain is, therefore, 0 dB with R equal
200 ohms. This is now the maximum possible conversion gain for this
mixer because the source impedance is matched. Increasing or
decreasing R will result in a lower conversion gain.
5
The noise factor at values of R other than 200 ohms is therefore
s
of little importance, because equation 21 shows that the total noise
factor of two cascaded stages increases rapidly as the loss in the first
stage increases. Another reason for considering the noise factor for
R 200 ohms is that the maximum dynamic range occurs for this value.
This will be shown in Section V.
The sensitivity of the common gate balanced mixer at R - 1/gs -
s
200 ohms is now found from equation 40 by substituting from Table I
except with g.. - 10,000 micromhos. The sensitivity is -108 dBm
corresponding to a noise factor of 139.
Summary of Noise Analysis.
The sources of noise in FET's were described and an equivalent
circuit for the device which quantitatively represented these sources
was developed. This led to the noise equivalent circuit of the
balanced mixer and to the calculation of the noise factor as a function
of R . It was then possible to obtain sensitivity as a function of
29
R because the relationship of sensitivity and noise factor had been
previously derived* The noise factor, and hence, sensitivity of the
common gate mixer were found to be 6 dB worse than for the conmon
source mixer at a particular value of R (200 ohms)*
The lower limit of the dynamic range has now been established.
The upper limit or the large signal handling capability will be
examined in Section IV*
30
IV. LARGE SIGNAL HANDLING CAPABILITY
Intermodulation and Crossmodulation Distortion Relationship
When large signals are present at the mixer input, distortion is
produced in the circuit. Another measure of the quality of a receiver
front end mixer is, therefore, the amount of distortion produced for a
given amplitude of input signal. This aspect of mixer design will now
be examined and a quantitative result will be obtained for the FET
mixer.
The two types of distortion which must be considered are inter
modulation distortion, I.M. , and crossmodulation distortion.
I.M. is the result of two input signals at frequencies f. and f_
combining in a non-linear device to give products at (kf. i If-), where
k and 1 are integers. The third order products, (2f - f,) and
2 l
(2f. - f9) are of the most concern because they can be very close to
the desired signals, f. and f_ making it impossible to remove them with
selectivity.
An example of I.M. in a tuned amplifier is shown in Figure 11.
The amplifier is driven with a large two-tone signal causing I.M.
products at (2f2 - fy) and (2fj - f2).
Crossmodulation is defined as the transfer of the sidebands of a
large A.M. undesired signal to a desired signal. This also is caused
by the third order curvature of the device transfer characteristic.
The reason for the choice of square law devices should now be
evident. The second order curvature is needed for frequency conversion,
31
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Figure 11
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but third order curvature must be kept at a minimum so that large
signals can be accepted with little I.M. and crossmodulation distortion
occurring.
In a mixer the I.M. and crossmodulation distortion products
actually are not produced until the desired signal has passed through
the mixer twice. The i.f. frequency is generated on the first pass, and
fed back to the input, through the drain to gate capacitance for example.
The I.M. products and crossmodulation at the i.f. frequency are then
g
generated on the second pass. This suggests that the mixer be modeled
as a perfect mixer which exhibits the proper second order curvature,
followed by a non- linear two-port having the proper third order curvature
as in Figure 12. An expression for the relationship between I.M. and
crossmodulation distortion will now be derived by closely examining the
non- linear two-port network.
The transfer characteristic of the two-port can be written as a
Taylor series
I2K c^j + + +
' (45)
If a two-tone signal is now substituted for v , I.M. distortion will
result.
v. - V cos to t + V cos ui t (46)
Substituting and retaining only those terms with frequencies in the
vicinity of to and uj
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I2<*c.(V cos<*> t + V cosu^t) +
c- [ 9/4 V3 cosa>flt + 9/4 V3 cos^t +
3/2
V3
cos (2wfl -o>b)t + 3/2
V3
cos (2b -**a)t] (47)
L.O.
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Non- linear
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0H. L2KJ m ** u
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The amplitude of the desired signal, CJ , at the second port is now
Si
3
c.V, neglecting c- 9/4 V relative to c.V. This is justified if the
two-port network has much less third order curvature than it does
first order curvature, a property of most practical devices. The
3
amplitude of the I.M. product at (2 a* - co ) is 3c-V /2 and the ratio
of the desired signal amplitude to the distortion signal amplitude is
2c-
RI.M. " 73 (48)3c3V
R_ now expresses the degree of I.M. distortion as a function of the
I.M.
input signal amplitude and the coefficients of the Taylor series
representing the device transfer characteristic.
If the distortion products are down 40 dB from the desired signal,
RT M - 100 (49)I. .
and the amplitude of the desired signals which produced the distortion
are now,
cl
ri.M. - frsrs; <*
9
Finding an expression for crossmodulation distortion can be done
by returning to equation 45 and substituting
An arbitrary choice which has been found satisfactory for S.S.B.
voice communications.
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v - V. costo.t + V. (1 + m cos a? t) cos tot11^ n / (51)
which is the sum of a desired signal at <*>. and an undesired A.M.
signal at <*J. Only those terms in the vicinity of e*> will be
retained*
Ij-^c.V. cosw.t +
(V. coso) t) '$$-VH ll + 2m cos <o t +n
m /2 cos 2 oih) (52)
3c.
Neglecting #-v ? relative to c., as before,
Ix(3c~ V- m cosfa> t + c.) V, coswt
Z J 2 nil 1
(53)
and
X2*C1
3^3 2
c, 2
COS CO t + 1
n
V.costo t (54)
Now, for 17. crossmodulation
3(m)c.
i V0 - 0.01c, i. (55)
An arbitrary choice which has become somewhat a standard.
36
and the amplitude of the undesired signal which is necessary to produce
the crossmodulation is
V 3000 (m)Vxmod
"
c3
(56)
If the undesired signal were 307. modulated, m 0*3 and
Vxmod " \IWT3
(57)
from 50 and 57 the ratio V . to VT isxmod I.M.
Cl
Vxmod V^^3
VI.M. / Cl
1.29 (58)
150 c3
In short the amplitude of a 307. A.M. modulated signal necessary
to product 17. crossmodulation is 1*29 times the amplitude of each tone
of a two-tone signal which produces I.M. products down 40 dB from the
desired signals.
Balanced Mixer Distortion
VT M for the FET balanced mixer was experimentally found to be
400 mv per tone when measured across the complete secondary of the
input transformer. The available input power necessary for I.M.
distortion products down 40 dB from the desired signals can now be found
37
as a function of R , where R is the real part of the impedance seen
s s
looking into the secondary of the input transformer. See Figure 7.
The common source mixer has a very high input impedance and,
hence, the available power at the input which will lead to a voltage
of V_ per tone at the transformer output is
I.M.
(59)
with,
V - 0.4 v
I.M.
p -Pj
I.M. Re
(60)
A plot of equation 60 is shown in Figure 8.
A plot of crossmodulation is also shown in Figure 8. The available
power for 1% crossmodulation should be 2 dB (1.29 in dB) higher than the
power in one tone of the two-tone signal. However, since there are two-
tones the power of that signal is doubled (3 dB) and the crossmodulation
plot ends up 1 dB below the I.M. plot.
The common gate mixer which we have agreed in Section III to
investigate only at R 200 ohms has an input impedance which matches
R V_ w therefore, will appear from source to source when theS I.M.
available input power is
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P .
2(vi-"-)2
I.M. 200 (61)
With VT w equal to 400 mvI.M.
P, - 1.6 mv - + 2 dBm (62)I.M.
Which is four times the power which caused the same distortion in the
common source mixer, at an R of 200 ohms.
s
The large signal handling capability of each configration has now
been established and we can compare the dynamic ranges as in Section V.
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V. DYNAMIC RANGE COMPARISON
Comparison
The limits of sensitivity and signal handling capability for the
common source mixer have now been established and are shown in Figure 8.
The maximum dynamic range occurs where the slopes of the two plots are
the same. If the range between the sensitivity and the I.M. plots is
considered, we find that the maximum is 110 dB at an R of around
s
200 ohms.
This is a very desirable result because a wide band input trans
former must be built, and it has been shown by Ruthroff that such a
transformer with a two to one step up from 50 ohms (R - 200 ohms)
S
is quite easily realizable. The resulting sensitivity is -114 dBm or
0.45 microvolts into fifty ohms which is excellent. PT ., is -4 dBm,I.M.
which correspondes to a two-tone signal of 100 mv per tone into fifty
ohms.
The dynamic range of the common gate mixer has also been established,
but only at one particular value of R , 200 ohms. However, it should
not be too difficult to see that this value of R also leads to very
nearly the maximum possible dynamic range, for this mixer as it did for
the common source mixer.
In Section III the sensitivity of the common gate mixer at R
equal to 200 ohms was found to be -108 dBm and in Section IV PT w was^ l.M.
found to be + 2 dBm. This is a range of 110 dB, exactly that of the
common source mixer.
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In summary, the dynamic ranges of the two mixer configurations
are equal. The sensitivity of the common source mixer is 6 dB better
than that of the common gate mixer, but the large signal handling
capability of the common-gate mixer is 6 dB better than that of the
common source mixer.
Bandwidth Check
A check should now be made to determine if the bandwidth
specification can be met with R - 200 ohms. The specification for
s
this application is for a bandwidth of 10 MHz. The receiver range is
to be 2 MHz to 12 MHz.
The maximum input capacitance, C__, for the Siliconix U222 is
Gb
given as 20 pf. The total capacitance from gate to gate is, then,
10 pf. The input frequency response will be down three dB at a
frequency where the reactance of the total C. is equal to R . With
R - 200 ohms this occurs at 80 MHz. In other words it will be no
5
problem to meet the bandwidth requirement. This also justifies the
assumption that the capacitance would not effect the noise factor.
*
Manufacturer's specification sheet Siliconix U221 - U222.
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VI. FREQUENCY DEPENDENT TERMINATIONS
Frequency dependent terminations are needed at the mixer ports to
maximize sensitivity, maximize the conversion gain, protect the circuit
from large out-of-band signals, and minimize I.M. distortion.
In the analysis of Section III it was assumed that the input noise
at the R.F. port contained no thermal noise at the image frequency.
This assumption is valid if a termination is used which will short the
image noise to ground. For our application the image band is 55 MHz to
65 MHz,. and therefore, a low pass filter which will pass the desired
2 MHz to 12 MHz and provide a short for this band is used.
It is also important to minimize the amount of I.F. power which
is dissipated in the R.F. and L.O. ports. It was shown in Section II
that the L.O. port is balanced to the I.F. port and hence, power
dissipation there is no problem. This is not true, however, of the I.F.
power at the R.F. port, and therefore, a short must be provided at the
I.F. frequency. This can be accomplished with the same low pass filter
that shorts the image frequencies. The result will be the best possible
conversion gain.
The low-pass filter at the R.F. port is also needed to protect
the circuit from large signals above 12 MHz, and an additional filter
will be needed to protect the circuit from those large signals whichn
are below 2 MHz.
The I.F. port also needs a frequency dependent termination. As
was discussed in Section IV the I.M. distortion is created only after
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feedback of the I.F. signal. Obviously no selectivity can remove the
I.M. products generated in this manner. However, it is also possible
to generate I.M. distortion by feeding back the second harmonic of the
input signal. For example, a two-tone signal, f. + f? at the R.F-
port would create signals at its second harmonics as it passed through
the mixer. If these harmonics are fed back to the input, they can be
combined with the fundamentals on the second pass. On still another
g
pass the I.M. products are converted to the I.F. frequency. Therefore,
if a short is provided at the i.f. port for the R.F. signal second
harmonics, the I.M. generated in this manner will be Insignificant
when compared to that generated in the usual manner. For our
application this is done with a tuned circuit at a resonant frequency
of 26.5 MHz.
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VII. BIASING AND CIRCUIT COMPONENTS
As in any active network, the devices must be biased at a point
on their characteristic curves which gives them the desired a.c.
parameters.
In our choice of a suitable bias point, the dependence on bias
of the following must be considered: input impedance of the common
gate devices, amplitude of local oscillator drive, and balance of the
circuit.
The input impedance of the devices in the common gate configuration
can be set to the desired 100 ohms by proper choice of operating point.
Figure 13 is a plot of the U222 transfer characteristic. At the bias
point, V , I^_ the input impedance is found by drawing a line tangentGSo Do
GS
to the curve. The slope of this line or e can now be used to
LD
calculate Z. , because Z. - 1/gm as is shown in Section III. It mustin in
be remembered that the large L.O. voltage swing tends to shift the d.c.
bias point and an average g^ must be used.
Also dependent on bias is the allowable local oscillator power.
The L.O. must not drive the devices too far into cut-off or the full
conversion gain will not be realized. Clipping or cutting off the local
oscillator waveform reduces the power at its fundamental frequency and,
therefore, reduces the conversion gain. In addition, clipping shifts
the bias point of the device causing a decrease in input impedance.
*From manufacturer's specification sheet Siliconix U221 - U222.
U222 Characteristic
VGS (volts)
-10
GSo
Figure 13
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This will reduce the gain of the common gate mixer even farther because
the input will become mismatched. Some clipping can be tolerated,
however, for a good deal is necessary to cause a significant decrease
in impedance.
One might suspect the clipping of the L.O. waveform would cause
distortion. That it doesn't is evidenced by the fact that mixers with
excellent crossmodulation characteristics have been built utilizing an
FET biased near pinch-off.
As shown in Section II, the circuit must be balanced for proper
operation. The variation in parameters from device to device makes it
imperative that a balance control be a part of the bias circuit, so
that the bias, and, hence, g can be adjusted over a small range to
m
bring the circuit into balance.
The transfer characteristics of the U222 also vary with temperature.
The two solid lines in Figure 13 indicate the extremes of the parameter
variations from device to device at room temperature. That is to say,
any U222 at room temperature would have a characteristic curve which
would fall on or between the two solid lines. The dotted lines indicate
the temperature dependence of the curves.
The solution to the bias problem is most easily arrived at through
a graphical analysis. A single FET can be self-biased with a resistor,
R , connected from the source terminal to ground. See Figure 14.
so
The resulting operating point can be determined by plotting a line on
the device characteristic which passes through the origin and has slope
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so
T
Figure 14
R. For example, a U222 with V of -10V and an I___ of 260 ma at
SO p DSS
room temperature would be biased at 12 ma by an R of 500 ohms as shown
in Figure 13.
A U222 having a characteristic like the one labeled typical in
Figure 16 would be biased at 10 ma. The tangent to the curve at the
bias point has a slope of just under 10,000 micromhos. This would be
the desirable bias point for each FET in the mixer if each had such a
characteristic. The local oscillator would shift the bias point up to
where the tangent line has a slope of 10,000 micromhos thereby yielding
an input impedance of 100 ohms. The figure also shows that the one
volt local oscillator would not drive the device into cutoff. For the
bias voltage, -5.6 volts, is 2.4 volts away from the cutoff voltage,
-8.0 volts. This, of course, is near the ideal case. Let us now examine
the worst case.
The worst case occurs with one FET in the mixer having a pinchoff
voltage of -10 volts, and the other a pinchoff voltage of -6 volts.
For this situation different source resistors, R , must be used to bring
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the circuit into balance, which will occur when the devices have the
same input impedance. As shown in Figure 16 this can be done with one
R at approximately 300-^- and the other approximately 700-n.. Note
SO
that the tangent lines will have approximately the same slope., A
balance potentiometer is, therefore, necessary so that this case and
any other combination can result in a balanced circuit.
*
A bias circuit which could result in equal R ' s of 500-n_
so
or could be adjusted to 250 ohms and 750 ohms is shown in Figure 15.
47 uh
rem-
250 ohms
"*"
< 500 ohms
"250 ohms
-uxxf
47 uh
+ 20V
Figure 15
The circuit of Figure 17, however, gives the same result with one
resistor eliminated.
D
(ma)
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40
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Another bad case which must be considered is the one for which
the FET's have equal pinchoff voltages of -6V. At -40 C the bias
voltage, V__ on each device will be -4.4 volts as shown in Figure 16.
GSO
Remember R is 500-a. for each when the characteristics are equal.
so ^
The difference between the pinchoff voltage, V , and V-,c for thisP GoO
case is 1.6 volts. Because Vrq will always be at least this far
away from V , the one volt local oscillator can never drive the FET's
P
into pinchoff.
The r.f. chokes in Figure 17 prevent power loss of the desired
signal in the bias circuitry, and also make it unnecessary to consider
the thermal noise of the bias resistors in the noise analysis. Of
course, they are needed only for the common gate mixer as shown in
Figures 1 and 2.
It was found that a typical mixer biased in this fashion with a
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B+ of 20 volts required a 23 ma current from the supply. This indicates
that the graphical procedure provides an adequate solution to the bias
problem.
Component Sensitivity
To have a good yield of working circuits from the manufacturing
division, the designer must insure that the parameters of his circuit
remain relatively constant for small variations in the component values.
This problem has become quite simple for the FET mixer with the addition
of the balance potentiometer. It has already been shown how this
adjustment compensates for the wide variation in the FET characteristics.
The variation in the resistor values can easily be as much as 107.
without dropping the worst case (V - V_ ) to 1.4 volts, the absolute
p GoO
minimum. This variation would cause a change in g of less than 1% as
m
can be seen in Figure 16.
The variation in output capacitance from device to device is of
little concern because the trimmer capacitor (5-25 pf) has a 5 to 1
range.
The balance potentiometer and the trimmer capacitor, therefore,
remove any concern about component sensitivity.
The only components of the circuit which have not yet been described
are the two transformers and the coupling capacitors.
The input transformer is composed of a pyroferric toroid of
CF-121-06 material and three strands of # 30 wire. The wires are first
twisted together and then six turns are placed on the toroid evenly
51
spaced. The wires are phased as shown in Figure 18.
The output transformer is composed of a pyroferric toroid of
carbonyl SF material (PT 310-156-125) and again three strands of # 30
wire. However, only two of the wires are twisted together, for this
transformer. Ten turns of the pair are then placed on the toroid evenly
spaced to form the primary. The secondary is two turns of # 30 wire.
Figure 19 shows the phasing of the three wires.
The value of the coupling capacitors is not critical. For our
application 0.1 microfarads will suffice.
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VIII. EXPERIMENTAL PROCEDURE AND RESULTS
Results
Both a common source mixer and a common gate mixer were con
structed as in Figures 1 and 2 with R - 200 ohms for each. The
s
sensitivity and signal handling capability of each was experimentally
determined so that a comparison could be made to the calculated values.
S+N
The 10 dB sensitivity of each configuration was measured
using the equipment shown in Figure 20. With the HP606 signal generator
replaced by a 50 ohm termination, a reference was set on the RMS
voltmeter. The generator was then connected to the circuit and its
output was increased until the RMS meter reading had increased by 10 dB.
The available power in dBm was then recorded from the HP606 meter.
The measured sensitivity of the common gate mixer was found to be
-113 dBm or 0.5 microvolts into 50 ohms. That of the common source
mixer was -117 dBm or 0.3 /^v into 50 ohms.
A comparison of the signal handling capabilities of the two
configurations was made with the equipment shown in Figure 21. The
amplitude of the input two-tone signal was increased until the spectrum
analyzer indicated that the l.W. distortion products were 40 dB below
the desired signals.
The input signal was then removed and measured across a 50 ohm
load. The common source mixer was able to accept a signal at -4 dBm
while the common gate mixer accepted a signal at +1 dBm.
The equipment in Figure 22 was used to determine the crossmodulation
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point of the common gate mixer. A reference was first set on the wave
analyzer meter, which was tuned to the audio frequency of the 307. AM
modulated input signal generator. The input level was set at approxi
mately 40 dB above the sensitivity level. Notice equation 54 indicates
that crossmodulation is independent of desired signal level. The HP606
*
was then tuned to another frequency within the 2 MHz to 12 MHz band.
The synthesizer was now set to the desired frequency with an output
equal to that for which the reference was set. The amplitude of the
307. A.M. signal was then increased until the wave analyzer gave an
indication which was 30 dB below the reference (17. crossmodulation).
The available power of the A.M. signal was then measured at the output
of the hybrid coupler and recorded.
In the above manner the crossmodulation point was determined to
be +1 dBm or 250 mv.
Other pertinent data which was taken is shown in Table II.
Table II
Common Gate Common Source
Mixer Mixer
Conversion gain 2 dB 6 dB
L.O. to R.F. isolation 28 dB 22 dB
frequency response flat 2-12 MHz flat 2-12 MHz
B+ 20V 20V
DC Current 23 ma 23 ma
Not at a frequency where a spurious response would occur.
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The spurious response rejection of the mixer was determined with
the equipment shown in Figure 23. A reference was first set on the
audio voltmeter with the input generator at the desired frequency.
The generator was then swept across the 2 MHz to 12 MHz band with its
amplitude as much as 90 dB above the desired input level. When a
suprious response was found, the generator amplitude was set so that
the audio voltmeter would return to the reference. The signal generator
amplitude was then recorded. Special precaution was taken to prevent
harmonics of the signal generator from getting into the mixer. This
was accomplished by substituting any of several low pass filters with
cutoff frequencies in the 2 MHz to 12 MHz band.
The data for these separate desired frequencies are shown in
Figures 24, 25 and 26. The height of each line indicates the relative
output that would result from an input signal of that particular frequency.
This is assuming that all the inputs are equal in amplitude to the
desired signal.
Discussion
The experimental results are in excellent agreement with the
results predicted by the theoretical analysis.
The only measured value which requires discussion is the conversion
gain of the common gate mixer. 0 dB was predicted, but 2 dB was
measured. It is believed that the input impedance of the mixer was
higher than desired and the conversion gain, therefore, increased.
This also explains why the sensitivity is not 6 dB worse than the common
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source mixer as was predicted.
It is pleasing to note that, the measured dynamic ranges of the
two mixers are essentially the same at 113 dB.
OdB
-lOdB
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IX. CONCLUSIONS
Two FET balanced mixer configurations, have been analyzed. .and
each has been found to be quite adequate for use in a receiver front end.
An expression for the conversion transconductance of a junction
FET used as an active mixer was first derived from the device transfer
characteristics. This led to the calculation of the conversion gain of
a simple single-ended FET mixer with 6 dB as the result.
The two configurations were then proposed; a common source mixer,
and a common gate mixer, and the advantages of a balanced circuit were
discussed.
The sources of noise inFET's were described and an equivalent
Circuit for the device which quantitatively represented these sources
was developed. This led to the noise equivalent circuit of a balanced
mixer which was valid for either configuration. Using this circuit it
was then possible to obtain noise factor, and hence, sensitivity as
a function of R for the common source mixer. The common gate mixer
s
sensitivity was analyzed at only one value of R because this was theS
only value which resulted in a practical circuit.
The large signal handling capability of the two configurations was
then analyzed and the distortion as a function of R was found for the
common source mixer. The distortion of the common gate mixer at R
s
200 ohms was then discussed.
A comparison of the sensitivity vs. R plot and the I.M. distortion
vs. R plot for the common source mixer showed that the maximum dynamic
s
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range occurred for R equal to 200 ohms. This range between sensitivity
S
and I.M. distortion for each mixer was then found to be 110 dB. The
common source mixer sensitivity at this value of R was -114 dBm and
s
common gate mixer sensitivity was -108 dBm.
The effects of frequency dependent terminations on the mixer
ports were then examined and found to be quite important to the circuit's
performance.
A graphical solution to the bias problem was presented which
provided for the variation in parameters from device to device and insured
that the devices would operate at a desirable point on their char
acteristic curve.
The methods of testing the mixer were discussed and test results
were shown to agree excellently with the results predicted by the
theoretical analysis.
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APPENDIX I
Brief Description of FET Operation
Junction FET's work on the principal of conductance modulation.
With the gate- source junction reverse biased, a depletion region is
created on each side of the channel as shown in Figure I. The con
ductance of the channel is proportional to the width pf this region,
which is in turn proportional to V__, the gate to source voltage. The
GS
conductance can, therefore, be modulated by varying V__.GS
With a positive drain to source voltage, V^, and with V_c -DS GS
0 volts, a depletion region will still extend into the channel because of
the IR drops in the channel material. When V is increased under these
conditions until the depletion regions on either side of the channel
just touch, Vn_ at that point is defined as the pinchoff voltage, Vp.
Increasing V^ further does not increase the drain current for it
reaches a maximum value, I^^* and remains there for V__> V as shown
in Figure II.
The value of I_ for V>Vp can now only be changed by varying
V__. For example, changing V.,-, from 0 V to -V would change the drainGS GS P
current from Inqq to a near zero value.
Shockley' s expression for the FET transfer characteristic is:
I-I
D DSS
,3 , iV , ()* (i)
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DSS vGS - OV
V - -VVGS VP
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Figure II
An excellent approximation to expression (i) which was derived
by R. D. Middlebrook is:
XD " ^S
GS
V, (li)
Figure III is a plot of the two curves showing that the approximation is
indeed a good one.
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DSS
Figure III
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APPENDIX II
An Observation on the Calculation of Noise Factor
The noise equivalent circuit of Figure IV is often used for noise
12 13
factor calculations. * It will be shown that this leads to a correct
result only if it is assumed that the input admittance of the circuit is
very small.
Cx)
Noise
Free
Two-Portp
Y
s
E
n
iy)
Figure IV
Shortcircuiting the output of the noise circuit yields a total mean-
square current of
f~2
+
T2
+ E
2 |Y I2
nT s n nisi
(iii)
assuming no correlation of the sources. The noise factor is now found
by dividing equation (iii) by the source mean square current.
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r2 t2 iy 2
F - i + + -n [s
r2 f^
S 8
(iv)
An expression for noise factor will now be derived using the
circuit of Figure V which also represents a linear noisy two-port.
-O
t
h K_ vi 01,,
-O
11 Q)Y21V1 Y22
-O
L2n
-O
Figure V
Again shortcircuiting the output
V l2l 2 2 2V + Ivl L2n (v)
but
2 2
74- l-P
Y + Y.J
s 11
(vi)
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and now
*7t2 l21
Ys + Yll ^ + Z) + ^ (vii)
Dividing by the mean square current in the short which is due to the
source yields,
r2 r2
f- i+ ~o ? ~r
*s Js
Ys Yll
Y21
(viii)
Note that F is now proportional to the input admittance Y.. which is
certainly a more pleasing result.
The correspondence between equations (iv) and (viii) is more
easily seen when one considers that E of equation (iv) was used to
represent the noise current which appears in the short-circuited output
when the input is also short-circuited. In other words
En"Y
2n
21
(ix)
or
X2n " EnY21 (x)
Substituting this expression into equation (viii) yields
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C r2- ? =5 * =% Y + Ys *11 (xi)
Equations (iv) and (xi) will now be equal if it is assumed that
YnV
The real purpose of this discussion is to show that the circuit of
Figure VI which has all the advantages of the simple noise equivalent
circuit, makes it unnecessary to assume Y Y,, in order to yield the11
correct noise factor.
11
&
<
Noise
Free
Two-Port
Figure VI
Calculating noise factor as before
2 2 2 2I_-Iz+I4 + Ez
nT s n n
Y + Y,.
s 11 (xii)
and
74
r2 r2 f2
p. . l+ J- +
V V V
Y + Y
s 11
(xiii)
Comparing to equation xi we see that the equivalent circuit of Figure VI
does indeed yield the correct noise factor with no assumptions.
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